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Introduction {#sec001}
============

Numerous studies have shown that traumatic brain injury, stroke, or even spinal cord injury induce cognitive impairment (CI) \[[@pone.0192885.ref001]--[@pone.0192885.ref003]\]. Likewise, it has been reported that 10--20% of humans aged 65 years and older may also present CI, a major public health concern with a rapidly increasing incidence worldwide \[[@pone.0192885.ref004]\]. In order to address this scenario, clinicians face the challenge of identifying clinically significant cognitive changes for the diagnosis of CI \[[@pone.0192885.ref005]\]. In this regard, longitudinal studies have demonstrated multiple patterns of cognitive change with variable clinical outcomes, including dementia and mild cognitive impairment (MCI) \[[@pone.0192885.ref006]\]. Dementia is typically diagnosed when acquired CI has become severe enough to compromise social and/or occupational functions, while MCI is an intermediate stage in the trajectory from normal cognition to dementia \[[@pone.0192885.ref005]\]. The cognitive changes induced by MCI are generally not severe enough to interfere with daily life or independent function; however, it has been demonstrated that patients with MCI have an increased risk of eventually developing Alzheimer's or other types of dementia \[[@pone.0192885.ref004],[@pone.0192885.ref005]\]. The archetypal symptom reported by patients with MCI is memory loss. Currently, there are no medications approved by the U.S. Food and Drug Administration (FDA) to treat MCI.

Previous studies have suggested that the immune system supports cognitive function, and immune function may therefore have far-reaching implications for cognitive disorders \[[@pone.0192885.ref007]\]. For instance, in elderly individuals, CI is associated with a significant reduction in the activity of the immune system \[[@pone.0192885.ref008]\]. In line with this, recent studies have shown that the CI observed in aged mice can be reverted through immunization with neural-derived peptides \[[@pone.0192885.ref007]\]. By stimulating the immune system, this strategy has demonstrated an improvement in cognitive function. Copolymer-1 (Cop-1), a synthetic peptide consisting of four amino acids (alanine, lysine, glutamic acid, and tyrosine) in a fixed molar ratio \[[@pone.0192885.ref009]\], has been approved for the treatment of relapsing-remitting multiple sclerosis (MS). Subcutaneous administration of Cop-1 has pleiotropic properties, such as: i) an inhibitory effect on monocyte reactivity, limiting their production of tumor necrosis factor α (TNFα) and interleukin-12 (IL-12), and increasing IL-10 and transforming growth factor β (TGFβ) levels; ii) activation of Th2/3 and regulatory T cells (Treg); iii) migration of Cop-1-specific Th2/3 cells across the blood-brain barrier, which secrete neurotrophins (especially brain derived neurotrophic factor, BDNF) and anti-inflammatory cytokines; iv) elevated proliferation of neural precursor cells (NPC) and their recruitment to the injury site \[[@pone.0192885.ref010]\]. Due to these beneficial actions, especially the stimulation of BDNF secretion and neurogenesis, COP-1 presents an attractive potential option for improving cognition, and possibly in the treatment of CI \[[@pone.0192885.ref011]--[@pone.0192885.ref013]\]. Recent studies support this assessment, with administration of this compound resulting in improved cognition in a model of 2-vessel-occlusion cognitive deficit \[[@pone.0192885.ref014]\].

In the present study, we performed a preliminary evaluation on the ability of Cop-1 to enhance cognitive performance in normal young adult male rats.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

All animals were handled according to NIH guidelines for the management of laboratory animals. All the procedures were performed in accordance to the National Institutes of Health *Guide for the care and use of laboratory animals* and the Mexican Official Norm on the Principles of Laboratory Animal Care (NOM 062-ZOO-1999). The study was approved by the Institutional Animal Care and Use Committee and Institutional Review Board of Universidad Anahuac Mexico Norte (ID: 201102). All experiments were designed and reported according to the ARRIVE guidelines. In order to perform euthanasia, animals were previously anesthetized by intramuscular injection with a mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg).

Animal care {#sec004}
-----------

Animals were matched for age and weight in each experiment and housed in pairs in a light and temperature-controlled room. To minimize stress, animals were handled daily at least once a day during the 7 days prior to any procedure.

Sterile bedding and filtered water was replaced daily. All rats were carefully monitored for evidence of complications. Animals with signs of infections were excluded from the study.

Study design {#sec005}
------------

In order to evaluate the effect of Cop-1 therapy on cognitive function, we performed four experiments. Each study included 2 groups of male Sprague Dawley rats: group 1) Cop-1 administration (n = 8); group 2) saline solution administration (n = 8). In the first experiment, we explored the effect of Cop-1 on the recovery of spatial memory in adult rats. For this purpose, 6-month-old animals were immunized with Cop-1 and, two weeks after treatment, were evaluated daily for 15 days using the Morris water maze (MWM) behavioral test. In the second experiment, we intended to elucidate whether Cop-1 therapy improves cognitive function when administered during the early stages of life. In this case, young rats (3 months old) were treated with Cop-1. Two weeks after therapy administration, rats were evaluated daily during 15 days using the MWM test. In order to investigate whether the effect of Cop-1 was lasting, the same rats were subsequently evaluated in the same manner 3 months later, at 6 months of age. The third and fourth experiments were designed to evaluate associative memory using the Pavlovian autoshaping test. In the third experiment, 6-month-old rats were treated and evaluated two weeks later. The last experiment consisted of 3-month-old rats treated with Cop-1, which were likewise evaluated 3 months later at 6 months of age. After evaluation of groups 3 and 4, 4 rats were randomly selected from each group to determine BDNF concentrations in the hippocampal area. Determinations were performed using the ELISA technique.

Cop-1 immunization {#sec006}
------------------

Animals were injected with 0.71μg/g of body weight of Cop-1 (Sigma, St. Louis, USA) dissolved in saline solution in a total volume of 150μl. This injection was administered once per week during 3 consecutive weeks. Control animals received the same volume of saline solution. All doses were applied subcutaneously at the interscapular space. The only adverse event observed after administration was erythema at the injection site in 4/70 animals.

Morris water maze test {#sec007}
----------------------

The MWM was used to assess spatial learning and memory. In this test, animals are placed in a tub full of water, and required to find their way onto a platform hidden just beneath surface level. The location of the platform can only be encoded relative to distal visual landmarks surrounding the water maze pool, thereby using spatial memory. Stable visual cues can be provided using a curtain around the pool. The swim path of the animal is recorded with a camera attached to the ceiling, which is connected to a computer with a tracking software. Based on the time-tagged XY-coordinates of the rat, the software calculates the latency time to reach the hidden platform, a parameter of spatial learning performance \[[@pone.0192885.ref015]\]. For this study, rats were placed at different starting positions in a circular pool (diameter 120cm) filled with water (21--22°C, made opaque by adding powdered milk). Rats were trained to find a platform (diameter 10cm), which was submerged 1cm below the water surface and located in the north-east quadrant of the pool, by using distant visual cues. These visual cues were present on the four walls surrounding the pool at a distance of 0.6m. During all trials, an observer was present and always located in the same position behind a curtain surrounding the set-up. We used a reference memory protocol with four-day training, followed by 15 days of individual trials. For the training phase, each rat performed 4 acquisition trials (maximal swimming time 120s; 30s on platform; inter-trial interval 30 minutes) per day during 4 consecutive days. Starting positions were south, north, east, and west. Control and Cop-1 rats used the same starting position for each particular day of evaluation. All trials were recorded, and latency time, defined as the delay in finding the platform, was used as a measure for spatial learning. During the trial phase, the rat performed a single daily trial for 15 days. Rats were allowed to swim freely for 120s, and trials were recorded and analyzed with Smart Video Panlab-Harvard software.

Autoshaping learning task {#sec008}
-------------------------

In order to evaluate associative memory, the autoshaping test, which has been previously described \[[@pone.0192885.ref016]--[@pone.0192885.ref018]\] (see also YouTube, phrasing: autoshaping and lever-press or nose-poke), was used. For this test, four experimental chambers were used (Coulbourn Instruments, Lehigh Valley, PA). Each apparatus included a standard attenuation system, and one chamber had the following inner dimensions: 25 cm width, 29 cm in length, and 25cm in height. A retractile and illuminable lever-press operandum was mounted 4 cm above the floor and 10 cm from the right and left walls. A food magazine for rat pellets (see below) was located 5 cm to the right of the lever and 3 cm above the floor. A house light was located in the right top corner, which remained turned on for the duration of the session. Computer software was used for control and recording.

### Food-magazine training {#sec009}

Each rat was individually placed in an experimental chamber for a habituation period (≈15 min), with access to 50 food pellets (45 mg each, dustless precision pellets, BioServ Flemington, NJ) previously placed inside the food-magazine. Once the animal ate all food-pellets and presented 150 nose-pokes (as measured by a photocell) into the food-magazine, the autoshaping program was initiated.

### Autoshaping training {#sec010}

The autoshaping program consisted of discrete trials, each composed of the presentation of the retractile and illuminable lever press operandum for 8s (conditioned stimulus, CS) followed by delivery of a 45 mg food pellet (unconditioned stimulus, US) with an inter-trial time (ITT) of 60s. Once the animal pressed the lever in response to the CS, the trial was shortened, the lever was retracted, the light was turned off, and a food pellet (US) was immediately delivered, followed by the ITT. The response during CS was regarded as a conditioned response (CR), and its increase or decrease was considered as an enhancement or impairment measure of memory, respectively \[[@pone.0192885.ref019],[@pone.0192885.ref020]\].

Enzyme-linked immunosorbent assay {#sec011}
---------------------------------

After lethal pentobarbital injection, rats were craneotomized and brain samples were rapidly excised. The hippocampus was dissected, weighed, and snap frozen in liquid nitrogen prior to storage at -70°C. After four weeks of freezing, tissue samples were homogenized in ice-cold homogenization buffer consisting of 100mM Tris/HCl (pH 7), 2% bovine serum albumin (BSA), 1M NaCl, 4mM EDTA, 2% Triton X-100, 0.1% NaN~3~, and the following protease inhibitors: 5μg/mL aprotinin, 0.5μg/mL antipain, 157μg/mL benzamidine, 0.1μg/mL pepstatin A, and 17μg/mL phenylmethyl-sulphonyl fluoride. Homogenates were prepared in approximately 20 volumes of the homogenization buffer to tissue-wet weight and centrifuged at 14,000g for 30 minutes. The resulting supernatants were used for the BDNF assay. Samples were analyzed by triplicate, following the instructions of the ChemiKine^™^ BDNF Sandwich ELISA Kit (Millipore, USA). Absorbance was measured in a microplate spectrophotometer at a wavelength of 450nm (MultiSkan, Thermo Scientific, Finland).

Statistical methods {#sec012}
-------------------

Statistical analysis was performed using Prism 6 software (Prism 6.0, GraphPad Software Inc., San Diego, CA, USA). Data is expressed as mean ± standard deviation of the mean (SD) to better represent different sample sizes among experiments. All data sets were analyzed for normality using the D'Agostino & Pearson omnibus K2 normality test. MWM evaluations were analyzed using two-factor ANOVA for repeated measures. Student's T-test was used to analyze autoshaping evaluations and BDNF concentrations. In order to calculate the size of the effect on autoshaping evaluations, we used Cohen's d test, an effect size test used to indicate the standardized difference between two means. This test can be used alongside T-test and ANOVA results \[[@pone.0192885.ref021]\]. P-values less than or equal to 0.05 were considered statistically significant.

Results {#sec013}
=======

Cop-1 enhances spatial learning memory in adult rats {#sec014}
----------------------------------------------------

In the first experiment, we explored the effect of Cop-1 on the spatial learning memory of adult rats. For this purpose, sixteen 6-month-old rats were injected either with saline solution (saline, n = 8) or Cop-1 (Cop-1, n = 8). All rats were evaluated daily for 15 days using the MWM behavioral test. [Fig 1](#pone.0192885.g001){ref-type="fig"} shows that Cop-1-treated rats presented significantly shorter latency swim times than saline-treated ones (p\< 0.0001; F = 83.23, Two-factor ANOVA for repeated measures). Initially, Cop-1-treated animals presented a shorter latency time (49 ± 3s) when compared to those treated with only saline solution (59 ± 2s). This difference increased after the third day of evaluation, with rats in the experimental group showing a latency time of 25 ± 2 seconds, compared to the latency time of 45 ± 3 seconds for the control group.

![Effect of Cop-1 immunization on cognitive improvement in adult rats.\
Adult rats (6 months old) were immunized and evaluated using the MWM test. Cop-1 immunization was capable of improving spatial memory at these stages. Each point represents mean ± SD of 8 rats. \*p\<0.0001, Two-factor ANOVA for repeated measures. This experiment is one of three in which the same effect was observed.](pone.0192885.g001){#pone.0192885.g001}

Cop-1 improves spatial learning memory at an advanced age when administered in the early stages of life {#sec015}
-------------------------------------------------------------------------------------------------------

In order to elucidate whether Cop-1 is capable of inducing a preventive effect on CI, a second experiment was conducted, in which, either Cop-1 (n = 8) or saline solution (n = 8) were administered to 3-month-old rats. Spatial learning memory was evaluated with the MWM test 15 days and 3 months after administration. Evaluations performed 15 days after treatment demonstrated that Cop-1 administration induced a significant improvement (p\< 0.0001, F = 89.14; Two factor ANOVA for repeated measures) in memory when compared to that observed in control rats ([Fig 2A](#pone.0192885.g002){ref-type="fig"}). Three months later, animals treated with Cop-1 maintained the improvement in memory (p\< 0.0001, F = 19.86; Two factor ANOVA for repeated measures). From initial evaluations, the latency time presented by Cop-1-treated rats was almost half (20.0 ± 3.5s) of the time presented by saline-treated animals (35.8 ± 3s) ([Fig 2B](#pone.0192885.g002){ref-type="fig"}). The difference observed between these groups was higher on day 4 of evaluation (Cop-1: 10.20 ± 2.2s, Saline: 35.40 ± 2.3s).

![Effect of Cop-1 immunization on cognitive improvement of adult rats when administered from the early stages of life.\
Young animals (3 months old) were immunized and evaluated at 3 (A) and 6 months old (B) using the MWM test. Immunization with Cop-1 improved cognition at early and later stages of life. Each point represents mean ± SD of 8 rats. \*p\< 0.0001, Two-factor ANOVA for repeated measures. This experiment is one of three in which the same effect was observed.](pone.0192885.g002){#pone.0192885.g002}

The effect of Cop-1 on learning memory analyzed by the Pavlovian autoshaping test {#sec016}
---------------------------------------------------------------------------------

In a Pavlovian autoshaping test, designed to evaluate associative memory, a food pellet is delivered immediately after pressing a retractable lever, acting as a conditioned stimulus \[[@pone.0192885.ref022]\]. In order to support the findings of our previous experiment, we performed the autoshaping test in adult rats in two additional experiments. In the first, 6--month-old rats were treated either with saline (n = 8) or Cop-1 + saline solution (n = 8). [Fig 3](#pone.0192885.g003){ref-type="fig"} shows that animals treated with Cop-1 presented a higher percentage of conditioned responses; this was observed at 1.5 ([Fig 3A](#pone.0192885.g003){ref-type="fig"}, p = 0.03, F = 1.7; Student's T-test), 24 ([Fig 3B](#pone.0192885.g003){ref-type="fig"}, p = 0.01, F = 1.1; Student's T-test), and 48 hours ([Fig 3C](#pone.0192885.g003){ref-type="fig"}, p = 0.05, F = 1.2; Student's T-test) after the training session. In order to strengthen these results, the data was analyzed with Cohen's d test. Results from this test evidenced a significant impact of Cop-1 on learning memory at 1.5 (Cohen's d = 2.0, r = 0.70), 24 (Cohen's d = 1.15, r = 0.50), and 48 hours (Cohen's d = 1.81, r = 0.67) after the training session. In the same groups of rats, we evaluated the concentration of BDNF, a molecule produced by Cop-1 activated-lymphocytes \[[@pone.0192885.ref023]\] and strongly related to cognitive function \[[@pone.0192885.ref024]\]. BDNF concentrations were analyzed in the hippocampal area of 4 randomly selected rats. Results show a significant increase of BDNF concentrations in animals treated with Cop-1 (155± 9 pg/mL) when compared to those receiving only saline solution (110 ± 8 pg/mL, [Fig 3D](#pone.0192885.g003){ref-type="fig"}, p \< 0.01, F = 1.3; Student's T test).

![Cop-1 immunization improved associative memory and increased BDNF levels in adult rats.\
Adult animals (6 months old) were immunized and evaluated using the autoshaping test. Cop-1 immunization was capable of improving associative memory at 1.5 (A), 24 (B), and 48 (C) h after training. Likewise, Cop-1 induced a significant increase of BDNF at the hippocampus (D). Each bar represents mean ± SD of 8 (Figures A, B and C) or 4 (Figure D) rats. \*p \< 0.03, \*\* p = 0.01, \*\*\* p = 0.05; \*\*\*\* p \< 0.01; Student's T test. This experiment is one of two in which the same effect was observed.](pone.0192885.g003){#pone.0192885.g003}

Finally, in the second experiment, 3-month-old rats were inoculated with Cop-1 (n = 8) or saline solution (n = 8). The rats were evaluated three months later, at 6 months of age. [Fig 4](#pone.0192885.g004){ref-type="fig"} shows an improvement in memory in rats receiving Cop-1 therapy. These rats similarly presented a higher percentage of conditioned responses at 1.5 ([Fig 4A](#pone.0192885.g004){ref-type="fig"}, p = 0.05, F = 4.0; Student's T-test), 24 ([Fig 4B](#pone.0192885.g004){ref-type="fig"}, p = 0.05, F = 2.1; Student's T-test) and 48 hours ([Fig 4C](#pone.0192885.g004){ref-type="fig"}, p = 0.05, F = 1.2; Student's T-test) after the training session. The results of Cohen's d-test showed an important effect of Cop-1 on learning memory for the three evaluated intervals (1.5h: Cohen's d = 0.8, r = 0.37; 24h: Cohen's d = 2.0, r = 0.70; 48h: Cohen's d = 1.8, r = 0.66). Hippocampal BDNF concentrations were significantly higher in Cop-1-treated rats (168 ± 8 pg/mL, mean ± SD) than those observed in saline-treated rats (103 ± 10 pg/mL; [Fig 4D](#pone.0192885.g004){ref-type="fig"}, p \< 0.01, F = 1.2; Student's T-test).

![Cop-1 immunization improved associative memory and increased BDNF levels in adult rats, when administered from the early stages of life.\
Young animals (3 months old) were immunized and evaluated at 6 months of age using the autoshaping test. Cop-1 immunization was capable of improving associative memory at 1.5 (A), 24 (B), and 48 (C) hours after training. BDNF levels were also significantly increased (D). Each bar represents mean ± SD of 8 (Figures A, B and C) or 4 (Figure D) rats. \*p = 0.05, \*\* p\< 0.01 Student's T test. This experiment is one of two in which the same effect was observed.](pone.0192885.g004){#pone.0192885.g004}

Discussion {#sec017}
==========

CI has been found to result from diverse factors, the pathophysiological mechanisms behind it have been associated to a reduction of BDNF levels and/or a deficient immune function \[[@pone.0192885.ref008],[@pone.0192885.ref025]\]. Cognition can be evaluated by assessing memory and learning, two important processes that are significantly diminished in individuals with CI. Memory and learning are mental abilities that are stored in synapses of the brain \[[@pone.0192885.ref026]\]. Therefore, as the basic cellular mechanism involved in these processes, synaptic plasticity has the ability to improve cognition. Long-term potentiation (LTP) in the hippocampus is perhaps the best studied form of synaptic plasticity, leading to its consideration as the experimental analog of memory \[[@pone.0192885.ref025]\]. LTP is divided into two phases: a) induction of LTP or early phase LTP (E-LTP) and b) maintenance of LTP, or late phase LTP (L-LTP). According to previous studies, a deficit in the induction and maintenance of LTP correlates with a deficit in memory and learning \[[@pone.0192885.ref027]\]. BDNF is a prominent regulator of synaptic plasticity and memory formation, and is therefore critical for learning-related synaptic plasticity and the maintenance of long-term memory. Several studies have demonstrated that BDNF facilitates the induction of E-LTP, as well as the induction and maintenance of L-LTP \[[@pone.0192885.ref028],[@pone.0192885.ref029]\]. Therefore, BDNF plays a critical role in cognitive function. Previous investigations performed in aged individuals have shown that the *bdnf* gene is down-regulated during later stages of life, leading to a significant reduction in BDNF levels at an advanced age and thus leading to the concomitant CI \[[@pone.0192885.ref025],[@pone.0192885.ref030]\]. Based on these results, the restoration of BDNF levels can be proposed as an effective therapeutic strategy for preventing or ameliorating CI. Likewise, a therapy that envisions the stimulation and/or renewal of immune activity in the brain could also positively impact cognitive function.

The present work offers evidence about a practical and effective strategy to increase BDNF concentrations and stimulate or renew immune activity in the CNS. By utilizing anti-Cop-1 lymphocytes' ability to produce BDNF, we can compensate the decrease in BDNF levels found in the advanced stages of life. Additionally, Cop-1 immunization could be activating and inducing the migration \[[@pone.0192885.ref031]\] and accumulation \[[@pone.0192885.ref032]\] of these cells in the CNS, where they interact with resident cells \[[@pone.0192885.ref033]\]. Therefore, this strategy could restore both immune function and BDNF levels in the CNS.

Our results show that Cop-1 immunization was capable of improving the levels of BDNF in the hippocampus; moreover, it induced a significant improvement in cognitive function in both animals injected at adult stages of life and those immunized from an early stage. The main mechanism through which Cop-1 improves learning/memory appears to be the induction of BDNF expression. In this regard, previous studies have shown that the increased levels of BDNF induced by Cop-1 are strongly associated with improvement in learning/memory in models of chronic cerebral hypoperfusion \[[@pone.0192885.ref014]\]. Accordingly, our results show that Cop-1 immunization induced a significant increase in BDNF and improved learning/memory in adult rats.

Other possible mechanisms should be considered as promoters of the cognition improvement observed in this study. For instance, the recruitment of immune cells by itself could also be an important factor contributing to improved cognition. Studies have demonstrated that normal neuroimmune interactions are necessary in order to promote learning, memory, and neuroplasticity \[[@pone.0192885.ref034]\]. Furthermore, neurogenesis could also be participating in cognitive improvement after Cop-1 immunization. With this regard, previous investigations have demonstrated that Cop-1 is capable of inducing neurogenesis \[[@pone.0192885.ref035]\], which could thereby modify cognitive function \[[@pone.0192885.ref012]\].

Finally, it is worth mentioning that in this study we evaluated 2 different kinds of memory: spatial (MWM) and associative (autoshaping). In both cases, rats treated with Cop-1 showed a significant improvement. This could be of relevant interest for clinicians, with the recovery of both types of memory indicating an important advance in the treatment of CI. Moreover, the practical strategy proposed by this study allows for an easy translation of this therapy in humans, due to Cop-1's status as an FDA-approved treatment for MS and commercial availability as Glatiramer Acetate or Copaxone^®^.

The present investigation reports the first instance of Cop-1 treatment enhancing cognitive function in normal young adult rats, suggesting that Cop-1 may be a practical therapeutic strategy potentially useful for treating CI. Further studies utilizing this therapy at later stages of life, such as in middle-aged or aged animals, or in models of degenerative diseases (i.e. spinal cord injury, traumatic brain injury, stroke) where the appearance of CI has also been demonstrated are warranted, and may yield further promising results \[[@pone.0192885.ref036],[@pone.0192885.ref037]\].
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